Low-amplitude abrupt deformation of Pb-27 at.% In alloy in superconducting and normal states at temperatures of 1.65-4.2K Low Temp. Phys. 37, 618 (2011) Effect of deformation and heat treatment with equal-channel, multiple-angle pressing on the superconducting properties of NbTi alloy Low Temp. Phys. 36, 1045Phys. 36, (2010 Analytical solutions of the Ginzburg-Landau equations for deformable superconductors in a weak magnetic field Appl. Phys. Lett. 97, 162505 (2010) Additional information on J. Appl. Phys. We report investigations on the elasticity of superconducting FeSe using picosecond ultrasonic technique. The tetragonal (001) FeSe thin film, deposited on a processed SrTiO 3 substrate by the pulsed laser deposition, exhibits distinct c-axis preferred orientation and single-crystalline features as a result of the x-ray diffraction. The high-quality crystallinity thus enables quantitative examinations of anisotropic stiffness coefficients (C 33 ) of FeSe, correlating to the interatomic interaction in the simplest iron-based superconductor. Our experiment indicates a room-temperature C 33 of 40.9 6 0.4 GPa and material stiffening of 4.3% at low temperatures, which can be explained by the weakening of anharmonic phonon-phonon interactions.
I. INTRODUCTION
Recent discovery of superconductivity in iron-based compounds breaks the conventional concept that Fe atoms do not play a role in superconductivity. [1] [2] [3] [4] [5] This finding immediately attracted a lot of attention and opened a way to understand the effect of magnetic states on pairing electrons. 6 Among all Fe-based superconductors, tetragonal FeSe with P4/nmm symmetry has a simple structure and thus serves as an ideal platform to understand the origin of superconductivity in Fe-based compounds. 4, 7 Recent x-ray experiments on FeSe thin film disclosed a strong correlation between superconductivity (T c $ 8 K) and the structural phase transition at $100 K, 5, 7 suggesting the influence of persisting/destructing the magnetic order on prohibition of superconductivity. 5 Studies on the lattice dynamics of FeSe are thus highly desired for clarifying the role of the structural phase transition, whereas the knowledge of elastic properties of FeSe is very insufficient at present.
Elastic stiffness, a key property of materials, is the second-order derivative of the interatomic interactions. It thus predominates over the mechanical and thermal responses as well as electron-phonon interactions in matter. However, measurements of the elastic stiffness of FeSe are quite challenging because of the difficulty of preparing a singlecrystalline FeSe with sufficient dimensions for mechanical experiments. 8 Lack of such experimental studies limits our understanding of iron-based superconductivity and waits to be resolved with advances in the technologies of material growth and metrologies. In this regard, the picosecond ultrasonic technique, based on generation and detection of GHz-THz ultrasounds using ultrafast lasers, provides a useful tool to investigate the elasticity of nanoscaled thin films. [9] [10] [11] In this paper, we report measurements of an anisotropic stiffness coefficient (C 33 ) of a single-crystalline FeSe film using picosecond ultrasonics. The experiment yields a roomtemperature C 33 of 40.9 6 0.4 GPa and shows material stiffening of 4.3% at low temperatures because of the lattice anharmonicity. The result of C 33 (T) further indicates Debye temperatures of 284 $ 293 K. As a pioneering experimental work on the anisotropic elasticity of FeSe, our investigation serves as a basis for examining the limited and contradictious theoretical study. 8 
II. SAMPLE PREPARATION AND CHARACTERIZATION
The sample under study was an a-phase FeSe thin film on a (100) SrTiO 3 substrate. Such films typically exhibited multiple domains so that the anisotropy of elastic properties were hidden in the previous measurements. 8, 12, 13 To improve the crystallinity, the substrate was processed by chemical etching with the buffered oxide etchant and annealing at 950 C in the flow of oxygen. These treatments made the surface of the strontium titanate atomically flat and TiO 2 terminated. A 300-nm-thick FeSe film was then grown on this substrate by a pulsed laser deposition technique at 320 C. 13 Surface profiler measurements with the assistance of the x-ray total reflectivity experiment confirmed that the thickness variation over a surface area of 1.5 mm 2 was less than 1.2%. Misfit strain of 3.4% was expected to be near the film/ substrate interface because of different lattice constants. Figure 1 shows the x-ray diffraction pattern of the deposited FeSe. We can observe only a set of (001) suggesting strong c-axis preferred orientation. These diffraction peaks also indicated the c-axis lattice constant of 5.527 Å . Compared with the lattice of bulk FeSe, 14 the strain along the c axis in the studied film can be estimated to be À0.2%. Figure 2 shows the /-scans of the FeSe film at (101) and (221) peaks, revealing a distinct four-fold symmetry of the crystal. It should be noted that crystals with multidomains exhibit additional sets of the four peaks in the /-scans results. 13 The evident symmetry without additional peaks in Fig. 2 , therefore, verified the single-crystalline characteristic of the studied FeSe film. Figure 3 shows the magnetic susceptibility of the film characterized by a superconducting quantum interference device magnetometer. The (001) sample surface was orientated to be perpendicular to the magnetic field, and measurements were performed with field cool (FC) and zero field cool (ZFC) conditions with an applied field of 30 Oe. Both curves illustrate a slope change in the susceptibility near T $ 10 K, and a rapid increase at T < 5 K. The latter was induced by a transition of the SrTiO 3 substrate into the quantum paraelectric state, 15 and the former was attributed to the superconductivity transition of the FeSe. 4, 13 The critical temperature of the studied film can be estimated to be $9 K. These analyses of the structural and the superconductivity properties ensured high quality of the FeSe film that allowed for investigations of the concerned anisotropic property.
III. PICOSECOND ULTRASONIC EXPERIMENT
Measurement of the elastic stiffness of the FeSe was executed by the picosecond laser ultrasonics. [9] [10] [11] Schemes of this technique are generally based on an optical pump-probe spectroscopy. An optical pump pulse is applied to excite the sample, inducing coherent lattice vibrations through the thermoelastic effect, piezoelectricity, and/or deformation potentials. The subsequent ultrasound propagation modulates optical property and structures of the samples, which can be monitored by recording the transmission and/or reflection of a delayed optical probe pulse. Bandwidth of the photoexcited ultrasounds generally reaches the GHz-THz ranges, corresponding to acoustic wavelengths of 10-1000 nm in solids. These nano-ultrasounds can thus provide a nondestructive and high-resolution probe into the structure and mechanical property of the examined nanoscaled thin film. 10 Setup of the performed picosecond ultrasonic experiments was composed of a conventional optical pump-probe system 10,11 and a femtosecond Ti:sapphire laser. The laser output was a series of optical pulses with a pulse width of $200 fs and a 76-MHz repetition rate. Wavelength of the optical probe was 800 nm, whereas the pump pulses were frequency doubled using a beta barium borate crystal, i.e., k ¼ 400 nm. Both beams were incident onto the FeSe surface with a focused spot diameter of $15 lm. To improve signalto-noise ratio, the optical pump was modulated at 400 kHz by an acousto-optic modulator, and a lock-in amplifier was adopted for synchronous detection. Fluence of the optical pump was 74 lJ/cm 2 , which was higher than that of the optical probe by one order of magnitude. To investigate the temperature dependence of the stiffness, the FeSe sample was attached on a Cu heat exchanger in an optical cryostat with a pressure of $10 À4 Pa. The cryostat temperature was changed in between the room temperature and 20 K, i.e., T > T c . Figure 4 shows an example of the measured optical reflectivity changes DR/R as a function of time delay. The optical excitation of electrons and holes in FeSe caused a reflectivity jump near the time zero. The subsequent dynamics on the (sub-)nanosecond timescales revealed the relaxation of the photoexcited carriers as well as the heat diffusion into the substrate, 11 as depicted by the dotted line. Besides the incoherent phonons (heat), the transient thermal expansion in the illumination region initiated coherent acoustic phonons, i.e., picosecond acoustic pulse. With no broken crystal symmetry on the surface and a relatively large optical spot, the resultant acoustic dynamics was approximately one-dimensional (perpendicular to the surface) and longitudinally polarized. After the photogeneration, the picosecond acoustic pulse propagated in the FeSe film with multiple reflections from the film/air and the film/substrate interfaces. For each round-trip propagation, the acoustic pulse modulated the optical reflectivity as the pulse re-entered the region where the optical probe penetrated. These acoustic echoes can be found in the measured DR/R at 0.22, 0.44, 0.66, and 0.89 ns. From the round-trip traveling time T r , ones can estimate the sound velocity V and the corresponding elastic stiffness C 33 , with
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IV. EXPERIMENTAL RESULTS AND DISCUSSION
where L is the film thickness, and q ¼ 5.65 g/cm 3 is the mass density of FeSe. 16 (The effect of nonlinear elasticity is checked later.) From the room-temperature data, the sound velocity and the stiffness C 33 were determined to be 2.70 nm/ps and 40.9 GPa, respectively.
Compared with most metals, the measured soft C 33 suggested weak interatomic potentials, and thus explained the low Debye temperature H of FeSe ($285 K). 8 With a higher phonon population in the material with a low H, ones can expect strong interactions of the sound waves with background thermal phonons through the lattice anharmonicity. 10, 17 This effect can be examined by performing temperature-dependent experiments, as shown in the inset of Fig. 4 . In this figure, we extracted the acoustic dynamics from the measured DR/R by removing the carrier and thermal backgrounds. A slight advance of the echoes can be observed at lower temperatures, implying an increase in the sound velocity. Detailed measurements were performed at room and low temperatures several times to confirm repeatability of the stiffness change. Change of the film thickness was also taken into account in the data analysis with a linear thermal expansion coefficient of 10.2 Â 10 À6 K
À1
. 18 Figure 5 shows the measured stiffness C 33 with different cryostat temperature. Well above the measurement uncertainty ($1%), a clear variation in the elastic stiffness ($4.3%) was found in the studied temperature range. This material stiffening at low temperatures can be interpreted by the weakening of the phonon-phonon interaction because of less thermal phonon population. 17 Besides the 1% uncertainty, two possible effects could systematically reduce our measurement accuracy. First, the inhomogeneity of the film thickness can induce a slight deviation of the measured stiffness (DC 33 /C 33 < 2.4%). Second, C 33 could be overestimated because of the nonlinear elasticity. With considerations of the third-order elastic constant C 333 , the expression of sound velocity is modified to be 19 where S 33 is longitudinal strain along the c axis. S 33 was dominated by the substrate-induced compression strain because of the lattice mismatch and was determined to be À0.2%. Considering a ratio C 333 /C 33 of 3 $ 11, 20 the measurement error as a result of the nonlinear elasticity can be roughly estimated to be 1.2 $ 2.6%. It should be noted that the systematic deviations induced by these two effects does not affect the precision of the performed in situ measurement (Fig. 5) .
At present, the only report on the anisotropic elasticity of FeSe was based on a first-principle calculation, 8 where the calculated lattice constants and bulk modulus were comparable to results measured at room temperature and 19 K, respectively. The lack of self-consistency made this calculation ambiguous. In this regard, our experimental investigations served as a basis for examining the limited and contradictious theoretical work. The calculated C 33 in Ref. 8 was 39.07 GPa, deviating from our room-and low-temperature result by 4.5% and 8.4%, respectively. The discrepancy between the experiment and the calculation likely originated from the calculation conditions, such as the choice of k-points, and the executed comparison provided a possible way to define reliable interatomic potentials.
Our lattice dynamics study can further lead to Debye temperature, which is known as essential knowledge of phonon-mediated electron pairing in superconductors. 21 The temperature dependence of the elastic stiffness can be described by Varshni's relationship, 22, 23 which is formulated as
Here C ij 0 is the stiffness at T ¼ 0 K and s is an adjustment parameter. The Einstein temperature h and Debye temperature H represent the characteristic temperature/frequency of lattice vibrations in the Einstein model and the Debye model, respectively. These characteristic temperatures can be correlated by considering that Einstein frequency equals the average frequency (or root mean square) of the Debye spectrum. 24 We then have
The line in Fig. 5 shows the result of the best fit using Varshni's formula with C ij 0 ¼ 42.7 GPa, h ¼ 220 (620) K, and s ¼ 2.0 GPa. This indicates the Debye temperature of 284 $ 293 K, agreeing with the reported H of FeSe ($285 K) from Neutron scattering experiments 25 and the ab initio calculation. 8 Other than the elastic and thermal properties, it is worth mentioning that the remarkable echo signals (Fig. 4) could suggest a high photoelastic constant of FeSe in the nearinfrared range. This feature is profitable for the application of FeSe to the sensitive photoacoustic detection, 11 but could complicate the analysis of quasi-particle dynamics in the first few picoseconds. 26 
V. CONCLUSION
We reported an investigation on the temperaturedependent elastic stiffness of FeSe. The studied singlecrystalline FeSe was deposited on a processed SrTiO 3 substrate using the pulsed laser deposition, and was characterized by x-ray diffraction. The stiffness coefficient of this nanoscaled thin film was determined by the picosecond ultrasonic technique, yielding a room-temperature C 33 of 40.9 6 0.4 GPa. Moreover, material stiffening was observed at low temperatures, which can be explained by the weakening of the anharmonic phonon-phonon interactions. This study provides a reliable basis for exploring the interatomic potentials of superconducting FeSe, and leads to possible applications of this material.
